With their ability to depolymerize microtubules (MTs), KinI kinesins are the rogue members of the kinesin family. Here we present the 1.6 Å crystal structure of a KinI motor core from Plasmodium falciparum, which is sufficient for depolymerization in vitro. Unlike all published kinesin structures to date, nucleotide is not present, and there are noticeable differences in loop regions L6 and L10 (the plusend tip), L2 and L8 and in switch II (L11 and helix4) ; otherwise, the pKinI structure is very similar to previous kinesin structures. KinI-conserved amino acids were mutated to alanine, and studied for their effects on depolymerization and ATP hydrolysis. Notably, mutation of three residues in L2 appears to primarily affect depolymerization, rather than general MT binding or ATP hydrolysis. The results of this study confirm the suspected importance of loop 2 for KinI function, and provide evidence that KinI is specialized to hydrolyze ATP after initiating depolymerization.
Introduction
Each cell type in every eucaryotic organism contains multiple kinesin-superfamily members. To date, over 30 kinesins have been found in the human genome (Kinesin Homepage: http://www.proweb.org/kinesin/index.html). Although kinesin proteins differ widely in their cellular function, they all share the ability to modulate their interactions with microtubules (MTs) through binding and hydrolysis of ATP by their conserved catalytic core, which constitutes the major part of the kinesin motor domain . Some kinesins translocate cargo towards the plus ends of MTs; these kinesins have their motor domains at the Nterminus of their polypeptide chain, and are therefore classified into the KinN family (Vale et al, 1985; Vale and Fletterick, 1997) . Other kinesins move in the opposite direction; these have their motor domain at the opposite C-terminus, and are called KinC motors (McDonald et al, 1990; Vale and Fletterick, 1997) .
Kinesin subfamily KinI (termed so for the Internal location of the motor domain) performs a completely different function: it initiates MT depolymerization instead of acting as a motor (Desai et al, 1999) . MT depolymerization is involved in establishment and maintenance of the mitotic spindle and is vital for chromosome segregation during cell division (Inoué and Salmon, 1995; Rogers et al, 2004) . The MT-depolymerizing activity is best understood for the KinI kinesins that localize to the kinetochore during mitosis; these are called XKCM1 in Xenopus (Desai et al, 1999; Kline-Smith and Walczak, 2002) and MCAK in mammals (Wordeman and Mitchison, 1995; Hunter et al, 2003) . Kif2, another KinI kinesin type first found in murine brain (Aizawa et al, 1992) , has also been shown to depolymerize MT in vitro (Desai et al, 1999) . A recent study suggests that Kif2 plays a nonmitotic role in the development of the nervous system, by suppressing extension of superfluous branches at the cell edge of (post-mitotic) neurons (Homma et al, 2003) .
KinI perturbs the MT polymerization and depolymerization cycle, which is controlled by the GTPase cycle of the individual a/b-tubulin heterodimers in the polymer (as reviewed in Desai and Mitchison, 1997) . GTP-bound tubulin dimers are straight, and polymerize to form straight MTs, while free GDP-bound tubulin dimers are curved. Thus, a tubulin dimer in a MT would prefer to adopt a curved shape after hydrolyzing its GTP to GDP, but is kept straight by sideby-side (lateral) interactions with adjoining protofilaments. There are fewer of these stabilizing interactions at the ends of the MT, where at least one of the dimers has a single lateral interaction. Consequently, GTP hydrolysis in these exposed end tubulin dimers will lead to curvature and peeling away of their respective protofilaments, and the start of depolymerization.
In vivo, growth and decay of MTs are vital for many cellular processes, so there are many proteins known that regulate the onset of depolymerization (Walczak, 2000) . Some, such as op18/stathmin, are thought to initiate depolymerization by activating GTP hydrolysis when they bind to the ends of MTs (Segerman et al, 2000) . KinI likely employ a different mechanism, as they can depolymerize MTs stabilized by a nonhydrolyzable GTP analogue GMP-CPP (Desai et al, 1999; Moores et al, 2002; Hunter et al, 2003) .
In trying to understand KinI, many important details of their function have been elucidated. In particular, KinI were shown not to walk along the MT, but rather target directly to the MT ends (Desai et al, 1999) or reach the ends by rapid one-dimensional diffusion (Hunter et al, 2003) . Like other kinesins, KinI are ATPases, but ATP hydrolysis is not necessary to disassemble MTs, because KinI bound to the nonhydrolyzable ATP analogue AMP-PNP can induce MT protofilament peeling (Desai et al, 1999; Moores et al, 2002) . ATP hydrolysis appears necessary for KinI to release from free tubulin dimer, in order to rebind the MT and depolymerize in a catalytic fashion (Desai et al, 1999) . This is analogous to conventional human kinesin (KHC), in which the power stroke, which propels the nonbound motor head forward, is induced by ATP binding, and ATP hydrolysis weakens the association with the MT (Rice et al, 1999) . It also appears that hydrolysis occurs before release of the KinItubulin complex from the MT, because (full-length) MCAK has a higher ATPase activity in the presence of MTs than free tubulin (Hunter et al, 2003) , and because AMPPNP-bound KinI forms rings from nonstabilized MTs (Moores et al, 2002) .
Although KinI appear to function as dimers in vivo, KinI monomers were shown to be sufficient to depolymerize MT (Maney et al, 2001; Moores et al, 2002; Niederstrasser et al, 2002) . XKCM1 dimers are also able to depolymerize antiparallel, zinc-stabilized tubulin macrotubes. The latter finding suggests that XKCM1 does not bind at the protofilament interface to tear it apart, but rather acts on a single protofilament (Niederstrasser et al, 2002) . Limited proteolysis experiments showed that removal of the tubulin C-terminus reduced gliding kinesin processivity (Okada and Hirokawa, 2000; Thorn et al, 2000; Wang and Sheetz, 2000) . Similar experiments showed that the C-terminal tubulin region, while dispensable for binding of KinI to MT, is necessary for MT depolymerization by KinI (Moores et al, 2002; Niederstrasser et al, 2002) .
Plasmodium falciparum KinI can depolymerize MT in vitro as a monomer, using just the catalytic core domain with no N-terminal neck attached (Moores et al, 2002) . However, the presence of the neck markedly increases the rate of depolymerization in the mammalian homologue MCAK (Maney et al, 2001) . The role of the KinI neck is still under scrutiny, but it is generally thought that it might improve the efficiency of MT depolymerization by targeting the protein to MT ends. Alternatively, the presence of the neck could decrease the off rate from MTs, which would contribute to higher KinI activity found under physiological conditions (Ovechkina et al, 2002) .
As the crystal structure of any kinesin motor in complex with tubulin is not yet available, our understanding of how kinesins interact with MTs is restricted to lower-resolution techniques, such as proteolytic mapping (Alonso et al, 1998) , mutagenesis experiments (Woehlke et al, 1997) and fitting atomic coordinates of kinesin motor domains into electron density maps derived from EM experiments (Mandelkow and Hoenger, 1999; Kikkawa et al, 2001) . As for KinI, the only prior information on how it specifically interacts with the MT has been obtained by inference from fitting crystallographic models of other kinesin motors into EM maps of KinI bound to MTs (Moores et al, 2002 (Moores et al, , 2003 .
The most intriguing question to date about the Internal Kinesins is how the catalytic core alone, being almost identical in its primary structure to other kinesin core domains, can perform a function so different from the usual gliding motion. To understand better how KinI works, we determined the crystal structure of P. falciparum KinI catalytic core to 1.6 Å resolution. Furthermore, we mutated family-conserved residues to study how their loss affected protein activity. These combined studies identified structural elements of KinI that are important for MT depolymerization.
Results
Crystal structure of the KinI catalytic core While several KinI have been characterized, for our structural studies we used the readily crystallizable catalytic core domain of the P. falciparum MCAK homologue (pKinI), which is sufficient to perform MT depolymerization in vitro (Moores et al, 2002) . The pKinI catalytic core was expressed, purified and crystallized, and its structure was determined by molecular replacement, as described in Materials and methods. The current crystallographic model is refined to 1.6 Å with R/R free values of 0.2023 and 0.2304 (Table I) , and consists of 318 amino-acid residues (12 of the total 330 residues are disordered). The structure of pKinI ( Figure 1 ) revealed a protein domain similar to the previously determined kinesin catalytic cores (Figure 2 ). Kinesin core structures are generally 'arrowhead' shaped, consisting of a central b-sheet region surrounded by a-helices, and have always been found complexed with adenosine nucleotide (Kull and Endow, 2002) . The pKinI structure differs the most from previous kinesin models in that there is no nucleotide present in the ATP-binding site. Furthermore, in contrast to most kinesin structures, the switch II loop L11 of pKinI is ordered and forms a short two-turn helix. MTbinding loop L8 does not form a long strand pair pointing towards the MT-binding face, which is seen in most gliding kinesins. Instead, L8 appears to point in the opposite direction, although it is too disordered to resolve its structure completely.
Some features of the pKinI structure are not strictly unique, but are found in only a few kinesin structures. For example, the 'pointed tip' of the kinesin 'arrowhead' (loops L6 and L10) is noticeably bent in the pKinI structure. In the recently solved Eg5 structure (Turner et al, 2001 ), this region is also bent, but in the opposite direction. MT-contacting L2 is noticeably longer in pKinI, although the same region in NCD and Eg5 approaches it in length. The long, MT-contacting switch II helix a4 is visible and structured for its entire length, a feature previously seen in the Kif1a-ADP structure (Kikkawa et al, 2001 ).
Nucleotide-binding pocket of pKinI
Prior to pKinI, all kinesins have been crystallized with an adenosine nucleotide bound, despite numerous attempts at crystallizing a nucleotide-free motor (Muller et al, 1999) . Strikingly, the ATP-binding pocket of pKinI does not have a bound nucleotide (Figure 1 ). Although there is no continuous electron density consistent with the presence of the bound nucleotide, the nucleotide-binding site is not empty. Figure 3A shows the electron density (in green) found in the nucleotidebinding site of pKinI. For reference, ADP from the superposed Kif1A model is included (1I5S; Kikkawa et al, 2001) . At the exact position of the b-phosphate found in other structures, crystalline pKinI contains a single sulfate ion, which is likely derived from the crystallization buffer (see Materials and methods). To confirm the absence of bound nucleotide, we performed one round of refinement after replacing the sulfate ion with ADP. As illustrated in Figure 3B , the presence of ADP is not consistent with the experimental data, as its inclusion results in a strong negative density peak (colored red).
As this is the first example of nucleotide-free kinesin, we analyzed how this state would be reflected in the structure of the nucleotide pocket. In general, the structure in the vicinity of the nucleotide-binding pocket more closely resembles ADP-bound kinesins, with the switch II helix in the 'down' position ( Figure 4A ). All conserved amino-acid residues that normally contact bound ADP (P loop and switch II loop) have similar side-chain positions in both ADP-free pKinI and ADPbound kinesins. The only difference is that, in pKinI, switch II loop residue D236 does not form a highly conserved hydrogen bond with P-loop T99 (see Figure 4C for location of these residues). The absence of this hydrogen bond is explained by the switch II loop backbone being displaced about 1 Å away from the nucleotide-binding pocket towards the MT-binding surface, compared to the ADP-bound kinesin structures. Switch I shows a similar 1 Å shift ( Figure 4B ), and these two shifts combined could indicate a slight opening of the binding pocket in the absence of nucleotide.
The structures of the switches, and the networks of switch I-II hydrogen bonds, vary greatly among ADP-bound kinesin structures (Kull and Endow, 2002) , so it is difficult to draw conclusions from any differences in these regions between pKinI and other kinesin structures. The most notable difference in this region is the two-turn helix in switch II L11, which is stabilized by two hydrogen bonds ( Figure 4C ): a unique bond between kinesin-required switch I residue R211 and KinI-conserved switch II loop residue D245, and a rare bond between switch I residue S210 and switch II loop residue R242. R242 is usually displaced away from the binding pocket, but it points toward switch I in Kif1a-ADP, so this feature is not unique to pKinI. As a result of these two hydrogen bonds, the pKinI structure lacks the switch I R211-switch II E241 hydrogen bond that had been seen in some kinesin structures.
Besides the slight shift in the switch I and switch II loop backbone, which may indicate a slight opening of the pocket, and the unique R211-D245 hydrogen bond that helps to stabilize switch II, no significant binding-pocket difference is seen between the nucleotide-free pKinI structure and ADPbound kinesin structures. These observed differences are small compared to the conformational changes found between Kif1a-ADP and Kif1a-AMP-PNP (Kikkawa et al, 2001 ).
Mutational studies on pKinI
As the KinI family performs such a distinct function, we were interested in identifying the residues specifically conserved within the KinI family. Multiple sequence alignment (Supplementary Figure) showed that such residues are located in MT-binding regions of the protein. Three individual KinI-specific residues and two sets of residues were mutated to alanines and assayed for their effects on MT depolymerization and ATP hydrolysis ( Figure 5) .
Two of the chosen conserved residues, Arg 242 and Asp 245, are located in the switch II loop L11. In the pKinI structure, these residues stabilize L11, which is disordered in most kinesin crystal structures, to form a short helix that precedes the switch II helix a4 ( Figure 4C ). Interestingly, the stabilizing hydrogen bonds that these residues form are with switch I residues (Ser 210 and Arg 211) that are conserved in all kinesins and crucial to their function (Supplementary Figure) .
The other KinI-specific conserved residues that were mutated, KVD (Lys40-Val41-Asp42), KEC (Lys268-Glu269-Cys270) and Arg272, were expected to affect MT or tubulin binding by pKinI. KEC and Arg272 are located in the region proven to be the major MT-binding site for kinesin motors, at the C-terminus of the long switch II helix adjacent to the L12/ a5 region (Woehlke et al, 1997) . KVD is a set of pKinIconserved amino acids in the family-specific insertion in loop L2, which might also contact the MT based on EM experiments in pKinI (Moores et al, 2003) and proteolysis experiments in NCD (Alonso et al, 1998) .
To analyze how the chosen family-specific residues may confer MT depolymerization activity on a kinesin motor, we assessed the ability of the purified mutant proteins to depolymerize MT. The results of these studies (Figure 6, blue bars) showed that most of the selected residues affect the depolymerization activity of the protein, with KEC and KVD mutants showing no significant depolymerization, and R272A and R242A mutants displaying activities significantly lower than that found for wild-type pKinI. One notable exception is the D245A mutant, which depolymerized MT as well as wild-type pKinI.
To further study the interaction of the mutants with MTs, we employed EM methods (Figure 7 ). In the presence of the nonhydrolyzable ATP analogue AMPPNP, wild-type pKinI forms characteristic motor-tubulin ring structures (circles in Figure 7 ), which reveal the tubulin deformation mechanism of KinI-catalyzed MT depolymerization (Moores et al, 2002) . Only one of the pKinI mutants, D245A, formed these ring structures, consistent with its ability to depolymerize MTs with an activity similar to that of wild-type pKinI (Figure 6) . We examined the MT-binding activities of the pKinI mutants, both by visual inspection (arrows in Figure 7 ) and optical diffraction (not shown). The pKinI mutants displayed a range of MT decoration by these criteria-from KEC, which showed essentially no decoration, to KVD, which showed very clear decoration (Figure 7) . These results reflect a general trend in the degree to which the alanine substitutions affect the motor's ability to interact with its MT substrate. The KVD mutant was particularly striking in this respect, as it was able to bind the MT lattice (Figure 7 ) but showed no depolymerization activity (Figure 6 ).
To determine which steps in the pKinI catalytic cycle are affected by the introduced mutations, we also analyzed the ATPase activities of the mutants (Figure 6 ), in the presence of either MTs (red bars) or free tubulin dimers (yellow bars). Our results showed that MT and tubulin subunits at concentrations of 100 mg/ml (0.91 mM) equally stimulated ATP hydrolysis by wild-type pKinI. Similar results were obtained in other studies (Hunter et al, 2003; Moores et al, 2003) , confirming that KinI ATPase activity can be stimulated by GDP-bound tubulin dimer. This finding contrasts with the ATPase activities of other kinesin motors, which are highly stimulated by MT but not by tubulin.
In our study, R242A mutant showed only half the ATPase activity of wild-type pKinI, with addition of either MT or tubulin. D245A mutant had ATPase activity similar to wildtype for both MT and tubulin. KEC mutant had almost no activity in the presence of MT, but B27% activity in the presence of tubulin compared to wild-type pKinI. R272A mutant had only about a third of wild-type activity in the presence of both MT and tubulin. Finally, KVD had very little activity with MT, but retained most of its activity with tubulin. The latter mutant contrasts with the other tested mutants, which showed similar decreases in activity under both conditions.
The pKinI-MT complex
We put these observations concerning the structure and activity of pKinI into the context of its MT interaction by docking our crystal structure into the electron density of a pKinI-ADP-MT map determined using cryo-electron microscopy and helical image analysis (Figure 8 ; Moores et al, 2003) . This modeling experiment showed the location of mechanistically significant parts of the motor with respect to the MT surface. We also docked the tubulin heterodimer structure (Löwe et al, 2001 ) into the MT portion of the map to create a pseudo-atomic model of the motor-MT interaction. As with other kinesins, and described previously (Moores et al, 2003) , pKinI makes its main contacts with the MT surface by interacting with the C-terminal helices H11 and H12 of a-and b-tubulin (in yellow).
The switch II cluster of pKinI (shown in red), which includes the mutated residues R242, D245 in loop 11, and R272 and KEC in a4, abuts the intradimer interface of the ab-tubulin heterodimer and thus plays a key role in the pKinI-MT interaction. In particular, this explains the reduced binding and ATPase activity of the R242A, R272A and KEC mutants. The absence of effect of the D245A mutation in this key area suggests that this conserved residue is likely to have a role in the context of full-length pKinI. KinI-specific residues may also help to couple ATP binding with movement of the a4 helix between the tubulin subunits of the dimer, bringing about the characteristic KinI ATP-induced deformation of the dimer and subsequent MT depolymerization.
Loop L2, the location of the KVD mutation, is depicted in cyan and lies close to the MT surface. It also lies close to the conformational change that pKinI undergoes when it releases ADP on binding to the MT (black density; Moores et al, 2003) . As this loop contains a number of KinI-specific residues, it is an ideal structural candidate for participating in KinI-specific functions associated with MT-lattice regulation of pKinI activity (Moores et al, 2003) and MT-end-stimulated depolymerization. The fit shown has L2 hanging partially outside the pKinI EM density, strongly supporting the idea that L2 undergoes a conformational rearrangement relative to the crystal structure when initially bound to its MT substrate. The behavior of the KVD mutant also points to the role of L2 in the pKinI bending step of depolymerization, so it is likely to undergo further conformational changes as depolymerization proceeds.
Loops L8 and L12 (in orange) are proposed to be the other major points of contact between kinesins and MTs (Woehlke et al, 1997; Alonso et al, 1998) . The MT surface is not accessible to L8, due to both its unusual conformation and the length of a4 in our pKinI structure, which perhaps reflects a preference for binding instead to the curved tubulin dimer. However, L12, along with L2, is sufficient to form anchor points on the MT surface at either end of the motor, between which the ATP-sensitive switch II components can act directly on the motor substrate.
Discussion
Structure: differences from other kinesins A unique feature of the pKinI structure is the conformation of switch II. The long switch II helix (a4) is stabilized to be three turns longer than in the NCD structure (Figure 2) , and the switch II loop (L11) is stabilized by family-specific residues to form a short helix ( Figure 4C ). This stabilization of the switch II region by family-specific residues may be important for pKinI's unique depolymerization activity. However, a long switch II helix and ordered switch II loop have been seen in a few other kinesin structures, such as Kif1a-ADP (Kikkawa et al, 2001) , so it is difficult to interpret this structural feature in terms of KinI function. Figure 7 Mutations in the pKinI motor core affect its ability to bind and depolymerize MTs in the presence of the nonhydrolyzable ATP analogue AMPPNP. Each pKinI construct was incubated with AMPPNP and taxol-stabilized MTs; the mixture was centrifuged and the pellet fraction was resuspended and examined by negative stain microscopy. Characteristic motor-tubulin ring complexes, which form under these conditions, are shown by the dotted circles and examples of motors bound along the MT lattice are indicated with arrows. Tubulin oligomers are also observed in the background. Scale bar ¼ 400 Å . Other specific structural features of pKinI may also relate to its function as a depolymerizing enzyme. The 'arrowhead' tip (L6 and L10) is the site where the neck linker docks on the catalytic core in other kinesins (Sablin et al, 1998) . The fact that the pKinI tip is bent away from the MT-binding site (Figure 2 ) suggests that its neck may dock onto the catalytic core in a novel way, possibly accommodating a better fit of the motor to the curved surface of the tubulin protofilament. The opposite pole of the motor is distinguished by the long loop L2 that contains family-specific insertions (Figures 2 and 5) , and our docking experiment demonstrates that this region is involved in specific interactions with the MT. The structure of L8, another MT-binding loop, might also be related to pKinI function. The unique configuration of this loop could reduce normal kinesin-MT interactions and allow a better fit to curved tubulin.
Structure: lack of nucleotide
A surprising feature of the pKinI structure is the absence of the nucleotide in the binding pocket. The first structure of myosin S1 also had sulfate in place of nucleotide (Rayment et al, 1993) , and additional myosin structures have been obtained in this state as well as other nucleotide states (Houdusse et al, 2000; Coureux et al, 2003) , but this is the first such kinesin structure found. Moreover, although many crystallization conditions were tried with numerous ATP/ ADP analogues, we have not yet been able to grow pKinI crystals with nucleotide bound.
Kinetic data suggest that ADP release in the absence of MT is much faster for pKinI than for all other kinesins analyzed (M Hekmat-Nejad, manuscript in preparation), which might explain the absence of bound nucleotide in the pKinI pocket. However, although some binding-pocket residues differ between KinI and other kinesins (Supplementary Figure) , there is no difference striking enough to explain how the local environment could lead to pKinI's lower affinity for ADP. In addition, it is possible that our crystallization conditions, a combination of high sulfate (1.6 M) and low pH, might have also helped to shift the protein toward the nucleotide-free state, by providing the sulfate ion that occupies the binding pocket. However, a nucleotide-free structure was not obtained for human conventional kinesin at a similar sulfate concentration (Sindelar et al, 2002) . The nucleotide-free pKinI structure is probably a reflection of both high-sulfate conditions and possible lower affinity for ADP, and we do not expect that this state would predominate under more in vivo conditions. Our analysis of the key elements in the nucleotide-binding pocket (Figure 4) suggests that the pKinI crystal structure has essentially an ADP-like conformation. It is difficult to draw further conclusions from this fact, because the nucleotide state and structural state are often unrelated for crystal structures of both kinesins and myosins; some ADP-bound structures display an ATP-like state, apparently because the barrier between the ADP-like and ATP-like states is low in the absence of their respective polymer substrate (MT or actin) (Kikkawa et al, 2001) . A structure of KinI in a more radically altered, ATP-like state is desirable in order to understand better the conformational changes that occur during the KinI nucleotide cycle. pKinI ATPase activity: tubulin versus MT Plasmodium KinI ATPase activity increases in the presence of tubulin dimer as well as MT. These results are consistent with the recent finding that MCAK ATPase activity is enhanced in the presence of free tubulin dimers (Hunter et al, 2003) . However, in contrast to the results with full-length MCAK, which showed relatively low ATPase activity in the presence of tubulin compared to MTs, the ATPase activity of pKinI catalytic core was comparable in the presence of 100 mg/ml (0.91 mM) of MT and tubulin. The most likely explanation for this difference in relative activities is that the non-core portions of full-length KinI, which are not present in our construct, might help the motor to distinguish polymer ends from free tubulin dimers, increasing the enzyme's efficiency. Supporting this, pKinI ATPase activity is actually inhibited at higher concentrations of MT (Moores et al, 2003) ; similar results are seen for the mutants with significant MT-stimulated ATPase (R272A, R242A, D245A-data not shown).
pKinI mutants: strategy pKinI has a number of characteristic properties, which include MT depolymerization, ATPase stimulation by both polymerized and unpolymerized tubulin, binding to the MT lattice and the ability to form tubulin-motor ring complexes in the presence of the nonhydrolyzable ATP analogue AMPPNP. All these properties likely reflect the aspects of a general KinI depolymerizing mechanism. The crystal structure of pKinI provided us with the opportunity to visualize the location of KinI-specific residues. We mutated a number of these residues and tested for the above activities, and were able to develop a consistent view of the role that these residues might play in the KinI mechanism.
pKinI mutants: MT-depolymerizing loop 2 (KVD)
In the KinI family, L2 has an insert of highly conserved family-specific residues (K40-V41-D42) (Supplementary Figure) , so this region was expected to be especially important for the family's unique function. The KVD mutant, with the three L2 residues mutated to alanine, showed only a small reduction in ATPase activity in the presence of free tubulin dimer (Figure 6 ), indicating that the protein's ATP binding and hydrolysis apparatus was relatively unaffected, along with its ability to bind tubulin in order to stimulate hydrolysis. EM results also showed that this mutant could bind MT well. However, it showed very little if any depolymerization activity, paralleling its low ATPase activity in the presence of MTs. As the very low depolymerization rate for KVD is not due to changes in the ATP hydrolysis machinery itself, or an inability to bind MTs or tubulin, this family-specific insertion in L2 is the first region identified as specific for initiating MT depolymerization.
A pseudo-atomic model of the pKinI-MT complex (Figure 8 ) demonstrated that L2 is located close to the MT surface, as has been shown for this region in other kinesin family members (Sosa et al, 1997; Kikkawa et al, 2001) . However, the mobility of this region suggested by the docking, and the proximity of L2 to a site of significant conformational change during the motor's ATPase cycle, support a specific role for L2 in pKinI regulation and depolymerization.
pKinI mutants: MT-binding switch II helix (KEC and R272) Four KinI-conserved residues were mutated in the central kinesin-MT binding site (a4). Mutating KEC to alanine led to essentially no depolymerization or ATP hydrolysis in the presence of MT, and a substantial decrease in ATPase activity in the presence of free tubulin (Figure 6 ). EM images show that KEC barely decorates the MT (Figure 7) . The latter results strongly suggest that the low depolymerization activity seen for this mutant is due to its lowered ability to bind MT. The alanine mutant of R272, the residue that emanates from a4 one helical turn below KEC (Figure 5 ), shows similar assay results (Figure 6 ), supporting a similar role of this residue in MT binding, while our docking experiment clearly demonstrates the proximity of these residues to the MT surface. The lesser effect of the R272A mutation on MT binding and ATP hydrolysis is likely due to only one residue being mutated, instead of three in the KEC mutant. Similar ATPase activities of these mutants in the presence of free tubulin, as compared to R242A, suggest that both mutants partially retain their ability to bind tubulin in its curved form.
pKinI mutants: nucleotide-contacting switch II loop (R242 and D245) In pKinI, the switch II loop, which links the bound nucleotide to the conformation of the MT-binding site (Song and Endow, 1998) , contains two family-conserved residues, R242 and D245. R242A mutant showed about half the wild-type activity for depolymerization and for ATP hydrolysis in the presence of both MT and tubulin (Figure 6 ), and EM results also showed that the ability of this mutant to depolymerize is partially impaired (Figure 7) . However, although R242 is absolutely conserved in the KinI family, the basic amino acids at this position are not unique to KinI (Supplementary Figure) . This suggests that, unlike KVD, R242 is not specifically important for depolymerization. This idea is supported by the general reduction in ATP hydrolysis activity for R242A, which points toward the mutant having its primary effect on hydrolysis, and affecting depolymerization only as a result of this. R242A mutant can still bind to MT (Figure 7) , and the residue is close to the binding pocket and hydrogen bonds with an important switch I residue ( Figure 4C ), suggesting that R242 plays a more direct role in ATP hydrolysis, and possibly MT binding as well, but to a smaller degree (Figure 8 ).
For the D245A mutant, depolymerization and ATPase activities, in the presence of either MT or tubulin, are not reduced by the alanine substitution. It is possible that D245, which is conserved only in the KinI family, plays its role in the activity of full-length dimeric KinI. Most other kinesins have a basic residue at this site, suggesting that negatively charged D245 might help to reduce nonproductive binding of KinI to the MT surface. In addition to this residue, the other parts of the full-length KinI protein, especially the B60 aa neck domain, might be important for targeting the motor to the ends of the MT, so that nonproductive binding does not occur and depolymerization efficiency is maximized.
pKinI ATP hydrolysis requires binding to curved tubulin dimer Studying ATPase activity in the presence of either MT or tubulin dimers allowed us to further compare the pKinI mutants. They are of into two types: those that decrease KinI ATPase activity to the same degree under both conditions (R242A, R272A), and those that decrease the activity more in the presence of MT (KEC, KVD) ( Figure 6 ). KVD is especially striking for the discrepancy in its relative activity between the two conditions. The combined results of these studies show a general pattern: the relative depolymerization activity of each test mutant is very similar to its relative MTstimulated ATPase activity. In particular, KVD mutant has intact ATP hydrolysis machinery, as seen in the tubulin assay, but can neither depolymerize MTs nor hydrolyze ATP when bound to them (Figure 6 ).
Earlier studies showed that KinI bound to nonhydrolyzable AMP-PNP induces curvature in stabilized MTs (Desai et al, 1999; Moores et al, 2002) , supporting the idea that MT curvature occurs before ATP hydrolysis and not at the same time. This, along with our results, suggests that the motor domain only hydrolyzes ATP when bound to curved tubulin, either as free GDP-bound dimers, or at the ends of MTs where curvature has been induced to start depolymerization. This suggests a model for the enzyme's mechanism: KinI binds to the straight tubulin protofilament, but cannot hydrolyze ATP until it has forced the tubulin dimer to which it is attached to become curved, that is, until it has initiated depolymerization. Only then can it hydrolyze ATP and release itself from the tubulin surface. Thus, the only difference between ATPase activity in the presence of MT and of free tubulin dimer is that the MT must be depolymerized first.
Model for KinI core-domain function
Based on the combined results of our structural and mutational studies, we present here revisions to the KinI mechanism ( Figure 9 ). We propose that when KinI has reached the MT end and lost its ADP nucleotide, the switch II cluster makes the major contact with tubulin at the interdimer interface, while the family-specific L2 residues and the Nterminal 'neck' domain (along with L12 and possibly L8), which are located at opposite ends of the catalytic core (Figure 9 ), provide anchor points around the switch II cluster.
ATP binding induces a conformational change that results in L2, the neck and L12 (and maybe also L8) tugging and bending the tubulin protofilament underneath. In the resulting 'curved' tubulin conformation, contacts between the KinI and the tubulin dimer are maximized, perhaps by enabling L8 to contact tubulin. This stabilizes the activation state, triggering hydrolysis of the ATP. After ATP hydrolysis, the KinI binding to the tubulin dimer is weakened, leaving KinI free in solution to bind another MT protofilament and further catalyze depolymerization.
Materials and methods

Crystallization and model determination
Cloning, expression and purification of the motor domain of MCAK from P. falciparum are described in Moores et al (2002) (Supplementary data). Protein fractions of 495% purity were pooled and concentrated to 10-20 mg/ml. Crystals were grown in sitting drops by mixing equal volume of protein solution with well solution containing 1.4-1.8 M ammonium sulfate, 100 mM sodium acetate (pH 5.0) and 200 mM sodium nitrate. Crystals typically appeared in 1-2 days and were harvested after growth of 1-2 weeks at 41C. Crystals (typically 100 Â 50 Â 50 mm 3 ) were transferred to well solution containing 30% glycerol and then frozen in liquid nitrogen. Diffraction data were collected at beamline 9-1 at SSRL and 8.3.1 at ALS. At least 10 different data sets were collected in an effort to obtain crystals with nucleotide bound to the protein. All attempts were unsuccessful, as judged by the electron density maps obtained by molecular replacement methods. The structure presented here reflects data collected at ALS beamline 8.3.1. The data were processed with DENZO and SCALEPACK (Otwinowski
